The properties of donor deoxyribonucleic acid (DNA) from three clinical isolates and its ability to mediate the transformation of competent Rd strains to ampicillin resistance were examined. A quantitative technique for determining the resistance of individual Haemophilus influenzae cells to ampicillin was developed. When this technique was used, sensitive cells failed to tolerate levels of ampicillin greater than 0.1 to 0.2 jAg/ml, whereas three resistant type b 0-lactamase-producing strains could form colonies in 1-to 3-,ug/ml levels of the antibiotic. DNA extracted from the resistant strains elicited transformation of the auxotrophic genes in a multiply auxotrophic Rd strain. For two of the donors, transformation to ampicillin resistance occurred after the uptake of a single DNA molecule approximately 104-fold less frequently than transformation of auxotrophic loci and was not observed to occur at all with the third. The frequency of transformation to ampicillin resistance was two-to fivefold higher in strain BC200 (Okinaka and Barnhart, 1974) , which was cured of a defective prophage. All three clinical ampicillin-resistant strains were poor recipients, but the presence of the ampicillin resistant genes in strain BC200 did not reduce its competence. Sucrose gradients of DNA from ampicillin-resistant transformants of BC200 and from the original ampicillin-resistant strains showed that: (i) all the DNA preparations had high molecular weights; (ii) donor activity for ampicillin resistance sedimented heterogeneously and in parallel with genome DNA up to the highest molecular weights observed (100 x 106 to 200 x 10'); and (iii) genetic transformation of ampicillin resistance from strain BC200-amp90383 required the physical integrity of a linearly integrated segment of DNA having a molecular weight of about 25 x 106 to 30 x 106.
0-lactamase-producing strains could form colonies in 1-to 3-,ug/ml levels of the antibiotic. DNA extracted from the resistant strains elicited transformation of the auxotrophic genes in a multiply auxotrophic Rd strain. For two of the donors, transformation to ampicillin resistance occurred after the uptake of a single DNA molecule approximately 104-fold less frequently than transformation of auxotrophic loci and was not observed to occur at all with the third. The frequency of transformation to ampicillin resistance was two-to fivefold higher in strain BC200 (Okinaka and Barnhart, 1974) , which was cured of a defective prophage. All three clinical ampicillin-resistant strains were poor recipients, but the presence of the ampicillin resistant genes in strain BC200 did not reduce its competence. Sucrose gradients of DNA from ampicillin-resistant transformants of BC200 and from the original ampicillin-resistant strains showed that: (i) all the DNA preparations had high molecular weights; (ii) donor activity for ampicillin resistance sedimented heterogeneously and in parallel with genome DNA up to the highest molecular weights observed (100 x 106 to 200 x 10'); and (iii) genetic transformation of ampicillin resistance from strain BC200-amp90383 required the physical integrity of a linearly integrated segment of DNA having a molecular weight of about 25 x 106 to 30 x 106.
The recent discovery of true ,B-lactamase production by strains of Haemophilus influenzae type b that are implicated in lifethreatening diseases raises many clinically important questions and concerns. Other questions, which are dealt with in this paper, concern the genetic transmission of resistance among H. influenzae populations and its relevance to the probable origin of resistant strains.
The presence of ,B-lactamase genes in plasmids carried by gram-negative bacteria is common (5) , and the transmission of such plasmids has resulted in the rapid dissemination of antibiotic resistance. The apparently abrupt appearance of ampicillin resistance due to aft-lactamase in a bacterium that over the last decade has shown little tendency to develop truly resistant strains provides reason to speculate that ,B-lactamase genes of H. influenzae are plasmid related. A 6-lactamase-bearing plasmid might have originated from at least one such plasmid having made the "jump" between species and having established itself in H. influenzae. Given that such an event can and presumably has happened to produce the three ampicillin-resistant strains I have investigated, I (4) . The strain used in these studies was obtained from B. W. Catlin (4) .
Stain BC200 was obtained from B. J. Barnhart, Los Alamos Scientific Laboratory, and is a variety of Rd that has been cured of its defective prophage (14, 16) .
Strain A8 was obtained from J. Michalka and S. H. Goodgal (12) and contains eight auxotrophic mutations which span the H. influenzae genome (4, 12) .
Strain JC9 was obtained from John Clark, Queens College, Belfast, and was isolated from a clinical source in Ireland. JC9 is the only strain in this collection that is sensitive to bacteriophage N3 (15) .
MAP8(S2) is a strain constructed by the author out of strain Rd. Strain Rd was first lysogenized with bacteriophage S2 (1) and then, by a series of genetic transformations, eight antibiotic resistance genes were introduced. Since transfections by prophage occur at least 103-fold less frequently than transformations by the antibiotic resistance genes, the presence of prophage S2 does not interfere when this strain is used as a donor of any of its antibiotic resistance genes. BC200-amp90383 was constructed from strain BC200 by transforming it to ampicillin resistance with DNA prepared from strain 74-90383. Like strain 74-90383, strain BC200-amp 90383 was found to be a producer of f,-lactamase.
Media. MIV (8) was modified by the addition of hypoxanthine, biotin, and tryptophan. These compounds are required by strain A8 for growth (12) and for the development of competence when the distilled water used in the preparation of synthetic competence development medium is rigorously maintained sterile. If precautions were not taken, contamination of freshly distilled water occurred, and bacterial populations of more than 10' colony-forming units/ml were found in this water after only a few days. Although medium prepared from such distilled water is sterilized, it often permits competence of strain A8 to develop without the addition of one or more of the above supplements (J. W. Bendler, in preparation (4, 12) . The rationale of such measurements may be summarized as follows. A segment of donor DNA that is comprised of ngu nucleotides and is initially linearly integrated within a much larger strand of DNA will remain intact with a probability given by P = 1 -(nM&/n) when (i) the larger strand in which it is integrated is broken at random into smaller fragments and (ii) the smaller fragments are fractionated into subsets of molecules consisting of n nucleotides. From this it follows that the relation between the relative number of transformants (i.e., relative to the number of transformants to a point marker) by a genetic marker, JL, whose locus is an extended segment of DNA, versus 1/n is graphically represented as a straight line intercepting the 1/n axis where n = nr. Let a, be a "standard" genetic marker whose locus occupies a segment of DNA consisting of no nucleotides. If the relative number of transformants by a is measured in each transformation assay in addition to the relative transformations by marker ;L, and this measurement is repeated for each size fraction of DNA, a graph of the relative number of transformations by versus the relative number of transformations by a will also be a straight line whose intercepts are determined by the relative sizes of a versus (i.e., na versus nri), but which is independent of n. Thus, in making this measurement it is not necessary actually to measure the size of the donor fragments, n, in order to determine the relative sizes of ng and na. In the experiments described in this paper, DNA fractions were obtained by partially shearing the donor DNA to a heterogeneous mixture of sizes and fractionating it by ultracentrifugation in a sucrose gradient according to the method given previously (4), except for the modifications described below and in Fig. 2 .
Shearing and sedimentation of DNA in sucrose gradients. The sonication, using the microtip attachment of the Branson Sonifier model W185 and a power setting of 4 (-40 W). The four portions were remixed and, using a low-shear technique used previously (4), -0.05 ml was layered on top of a 5 to 35% sucrose gradient in SSC and sedimented at 35,000 and 20 C for 330 min in the SB283 head of the International B-60 ultracentrifuge. Sedimentation coefficients of DNA in such gradients were calculated by a variation of the technique described by Martin and Ames (11) . Molecular weights were then calculated from Studier's equation for double-stranded DNA in neutral solution (17) .
While these experiments were in progress, it was noted that a 5 to 20% gradient would have been more suitable where the Hershey equation (10) was to be used for comparing the molecular weights of different DNAs run in the same gradient, since the sedimentation velocity of DNA in a 5 to 20% gradient remains more nearly uniform while the DNA traverses the gradient in the IEC swinging bucket head used. However, since the calculated 15 to 50% variation in sedimentation velocity with position was unimportant to any of the calculations actually used, all of the gradients used were 5 to 35% (wt/vol) to facilitate direct comparisons among gradients.
Genetic transformations. Transformation experiments were carried out by using previously described methods (4), except for the modifications in the competence development medium, MIV, as noted above. In general, the procedure followed consisted of the addition of 0.10 ml of the diluted DNA to 2.0 ml of a 10-fold dilution (in 0.1 M NaCl) of the competent bacteria. This suspension was incubated at 37 C for 30 min, diluted in dilution medium, and pour plated by mixing 0. The BC200 ampicillin-resistant transformants were picked, streaked onto sBHI agar, tested by the procedure described by Catlin (3), and found to be positive for f3-lactamase activity.
Relative sensitivities to UV. The ultraviolet light (UV) sensitivities of Rd, BC200, and BC200-amp90383 were compared to determine whether the presence of the ampicillin resistance marker increased the UV sensitivity of BC200. It was earlier recognized that BC200 is more resistant to UV than is strain Rd (14) . Cultures of BC200, Rd, and BC200-amp90383 were grown to densities corresponding to about 109 bacteria/ml. The cells were washed once and resuspended in dilution medium to their original concentration, and 5 ml was placed in a 10-cm-diameter petri dish. The dish was rotated during irradiation with UV from a 3. Ability to be transformed by DNA from strain Rd. To test whether any of the three CDC strains was itself capable of accepting DNA from other H. influenzae strains, these strains were carried through the Herriott competence regimen, using MIV medium modified as above. To 2.0-ml portions of these cells was added 0.05 ml of a phenol-extracted preparation of DNA from strain MAP8(S2), which contains resistance markers for eight antibiotics, including the Str 2000 streptomycin resistance marker. In assays where saturating concentrations of this donor DNA were used, recipient Rd strains typically yielded about 1 x 105 to 20 x 10' streptomycin transformants from 2 x 108 cells. The number of transformations observed for strain BC200 fell within this range (Table 3) .
Thus, transformation was at least 103-fold less frequent in one of the three CDC strains and at least 10'-fold less frequent in the other strains under these conditions. Transformations to ampicillin resistance by a single uptake event. A lysate of strain BC200-amp90383 was prepared as in Materials and Methods and, after an initial 100-fold dilution, was diluted serially by factors of 2. Table 1. h Noncapsulated, ampicillin-sensitive strain. 
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Aliquots of this serially diluted lysate (DNA) were used to transform strain BC200 to ampicillin resistance. The number of transformants to ampicillin resistance decreased linearly with dilution of donor DNA (Fig. 1) . Thus, transformation to resistance required the uptake of only a single fragment of donor DNA. This result is consistent with the inference that in the donor strain the presence of a single genetic locus specifying the enzyme, ,-lactamase, is entirely responsible for the observed resistance and that resistance does not require two or more widely separated genetic determinants. This result does not, however, preclude the possibility that the resistance determinant requires the transfer and integration of a considerable portion of DNA, as is the case for the genetic locus determining production of the b-type capsule (4) . In fact, the relatively low transformation efficiency to ampicillin resistance, by analogy with the low efficiency observed for the transformation of the b-type capsule, suggests that an extensive segment of DNA must be transferred intact in order to accomplish this transformation. and from the Rd strain, BC200-amp90383, as described in Materials and Methods, except that this DNA was not deliberately sheared. Approximately 5 ,ug of the DNA was carefully pipetted onto the top of an 11.0-ml, 5 to 35% gradient prepared in SSC. After sedimentation at 35,000 rpm and 20 C for the times indicated, the bottom of the tube was punctured and sufficient drops were collected to produce 0.5-ml fractions. Each fraction was used as donor in genetic transformation assays in which A8 was used as recipient. Each assay scored the number of A8 cells transformed to biotin and alanine prototrophy and to ampicillin resistance. Figure 2 shows the results obtained for BC200-amp90383 donor. There is no indication that ampicillin resistance donor activity sedimented as a homogeneous fragment, that is, in a manner suggesting a different size distribution than that of the bacterial genome.
Similarly, the sedimentation profiles for donor activity of DNA from strains 74-71518 and 74-90383 were obtained (not shown). The size distribution profile for genome markers was indistinguishable from that obtained for strain BC200-90383 DNA. No donor activity was found for ampicillin resistance in the gradient of 74-71518 DNA, but 22 transformations to ampicillin resistance were scored in the assay of 74-90383 DNA. The distribution of this small number of ampicillin resistance donor units did not appear to differ significantly from the distribution observed for BC200-90383 and suggests that the gene for at least this ,B-lactamase is linearly integrated into the H. influenzae genome. Therefore, additional determinations were undertaken to confirm this.
Size of the DNA segment required for transmission of ampicilliin resistance by genetic transformation. The following experiments were designed (i) to demonstrate that donor activity for ampicillin resistance was linearly integrated into the bacterial genome, and (ii) to measure the size of the segment of DNA required for transformation of a recipient to ampicillin resistance. The linked pair of bacterial markers conferring resistance to streptomycin and to novobiocin, respectively, was used as "standard" extended marker (see Materials and Methods for rationale).
Extensive measurements of the size of this pair of markers indicated that they are separated by 18 Sedimentation behavior of ampicillin resistance donor activity and of the average of alanine and biotin transformants versus sucrose gradient fraction. DNA from BC200-amp90383 was prepared and sedimented in a 5 to 35% sucrose gradient as described in the text. Care was taken to avoid shear throughout. Fractions were assayed by genetic transformation for donor activity of bacterial genome markers (biotin and alanine) and for ampicillin resistance donor activity. Ampicillin donor activity parallels the activity of genome markers even at the peak, which represents DNA of approximately 200 x 106 gimol. To obtain the ordinate (transformants, norm %), the number of transformants for the locus in question was divided by the total number of transformants in the entire gradient, and this ratio was multiplied by 100. This unit facilitates comparison of the size distribution among different genetic markers whose efficiencies as transformation donors may differ greatly. porated into strain BC200-amp90383 by genetic transformation. Unpurified, high-molecularweight DNA was prepared from strain BC200-amp90383, Str-Nov. The DNA was sheared and layered onto a sucrose gradient as described in Materials and Methods. Gradient fractions were collected as previously described. Approximately 0.05 ml from each fraction was pipetted by a technique found to minimize shear (4) Results of a series of transformation assays using donor DNA sheared as described in the text and fractionated by sedimentation in a sucrose gradient as described in the text. In the assay for each fraction, donor activity was determined for total streptomycin resistance transformations, joint streptomycinnovobiocin resistance transformations, and ampicillin resistance transformations. Then the streptomycinnovobiocin "linkage" (i.e., the ratio of the number of double transformants to the total streptomycin transformants) and the ampicillin "activity" (i.e., the ratio of ampicillin to streptomycin transformants) were calculated and plotted for each fraction in the lower portion of the gradient where ampicillin activity was declining to zero. 
DISCUSSION
Two of the three strains of ampicillin-resistant H. influenzae I have examined could donate their ampicillin resistance markers to other strains of competent H. influenzae by a single DNA uptake event. The third strain either was unable to donate ampicillin resistance at all or did so with an efficiency that was too low to detect (less than one transfer per 10' recipient cells at saturating DNA concentrations).
The best recipient for the ampicillin resistance marker was strain BC200, a strain that has been cured (14) of the defective prophage reported by Stachura et al. (16) . Compared with other recipients, this strain was transformed to ampicillin resistance two-to fivefold more frequently at saturating concentrations of DNA. In other experiments (not described here) the presence of a (defective) prophage of S2 makes no measurable difference to the efficiency of transformation. The defective prophage that is missing in strain BC200 may carry a restrictionmodification system not found in the ampicillin resistance donors. If strain Rd possess a restriction system not found in BC200, its effects are not discernible in transformations involving point mutations between these two strains. At least one host cell restriction system of H. influenzae is known for which there is little, if any, effect on the transformation efficiency of point markers (7) .
A 5-to 10-fold increase in the efficiency of transformation of BC200 occurs when BC200-amp90383 is used as the donor of ampicillin resistance in place of 74-90383. This further improvement presumably results from the elimination of other restriction incompatibilities between BC200 and 74-90383. Nevertheless, even in this case the efficiency of transformation is at best 100-fold less than the efficiency of transformations involving genetic markers that span only one or a few nucleotides.
The locus of the genetic information of the ,B-lactamase carried by strains BC200-90383 and 74-90383 has not yet been mapped. Attempts to map this locus are in progress. The experiments reported here show that it is linearly integrated into the genome of the bacteria.
The segment of DNA required to confer on another cell the genetic capability to produce s-lactamase is much larger than that required to encode a single enzyme but is in good agreement with the 30 x 106 molecular weight of the larger ampicillin resistance plasmid found by Elwell et al. (6) . If strains 74-90383 and BC200-amp90383 were carrying such a plasmid in an integrated state (that is, as an episome), the transformation of the f,-lactamase gene would require that the whole episome be transferred intact to provide the required regions of homology at each end of the otherwise heterologous segment of DNA bearing the episome.
Donor activity residing on a separate plasmid was never found in these experiments. Since the ,B-lactamase genes are unstable in strain 74-71518 (3), this strain would appear to be the best candidate for a plasmid-associated ,B-lactamase. However, no donor activity for ampicillin resistance was ever detected in DNA prepared from this strain and, therefore, it remains a moot question as to whether plasmid-borne markers can ever serve as effective donors for genetic transformation.
There is no a priori reason to believe that plasmid DNA, per se, has a configuration that does not permit genetic transformation, however. The ability of circular forms of S2 and HP1-cl DNA to initiate transfection (13) suggests that circular nonhomologous DNA can penetrate into competent cells in a biologically active form. Other alternatives that could account for the failure of this particular donor include the possible existence of additional restriction incompatibility or the presence in our recipient strain of a silent plasmid (or episome) that is incompatible with the ampicillin plasmid in strain 74-71518.
The latter two possibilities would also be expected to interfere with plasmid transfer by conjugation. Although failures to detect conjugal transfer have been reported (6) , Thorne and Farrar (18) 
